ABSTRACT
INTRODUCTION

7
Natural organic matter concentrations were monitored in a buffer free replicate in OECD 135 algal test medium incubated under the same conditions as the algal growth inhibition tests. 136
Finally, conductivity measurements using a cond 315i portable device equiped with a 137
TetraCon 325 electrode (WTW, Weilheim, Germeny) were performed to monitor the IS in 138 all test suspensions, according to the method described by Simon and Garcia (1999) . More 139 details on the relation between electrical conductivity and IS can be found in the supporting 140
information. 141
Particle size distribution analysis 142 8 Each of the test media from both the one factor and the multivariate experiment was 159 used to prepare one control medium and five different test concentrations of CeO 2 NPs. 160
Equilibration took place overnight at 25 °C in the dark. Subsequently, four 50 ml portions 161 of each concentration were transferred to 100 ml erlenmeyer flasks, three of which were 162 inoculated with 10,000 cells/ml of the grown culture and one was used as a background 163 correction. One 50 ml portion of a 22.0 mg CeO 2 /L suspensions was sealed with parafilm  164 to serve for aggregation behaviour analysis. All flasks were incubated at 25 °C under 165 illumination and were shaken manually three times a day. After 24, 48 and 72 h, the algal 166 cell density was measured using a cell counter (Beckman Coulter Counter, Ghent, 167 Belgium). The average specific growth rate µ (1/d) in each concentration was calculated 168 after 48 h exposure, because the test validity criteria were not met in 4 experiments of the 169 CCD when data was analyzed after 72 h. More specifically, the mean coefficient of 170 variation (CV) on sectional growth rate, which checks for exponential growth in the control 171 throughout the test, was > 35 %. In this case the OECD test protocol prescribes the use of 172 48 h toxicity data. 173
Data treatment and analysis 174
Either a log-logistic or a modified log-logistic model (Van Hoecke et al., 2009), was 175 chosen to fit the concentration-response curves, depending on the highest correlation 176 coefficient. Effect concentrations and their 95 % confidence intervals were calculated with 177 Statistica  (Statsoft, Tulsa, OK, USA). First, the effect of nominal pH, NOM and IS 178 (independent variables) on the control growth rates was analyzed using Statistica's CCD 179 feature. Subsequently, the CCD analysis was applied to the 48 h-E r C20s in order to identify 180 any significant linear, quadratic and interaction effects. Subsequently, non linear least 181 squares regression analysis using measured factor levels was applied to develop an 182 empirical model and to assess the variability explained by the different linear and quadratic9 effects. The Levenberg-Marquardt algorithm was used to estimate regression coefficients 184 (Moré, 1977) . Additional factors were added according to a minimisation of the Akaike 185 information criterion (Akaike, 1974) . Throughout the study, a significance level (α) of 0.05 186 was adopted. 187
Validation study with natural waters 188
Four natural waters, Ankeveensche Plas (a lake system in lowland peat area, 189
Nederhorst den Berg, NL), Markermeer (part of a large lake cut off from the North Sea by a 190 dam, Marken, NL), Le Voyon (a small stream in a forested area, Trélon, Fr) and Ourthe 191 orientale (a river in mixed forest, Brisy, BE) were used in a validation study. 
RESULTS
200
Preliminary one factor study of influence of NOM on CeO 2 NP toxicity and stability 201
Addition of NOM to the OECD algal test medium prior to spiking CeO 2 NPs highly 202 affected both CeO 2 suspension stability and toxicity in comparison with the NOM free 203 standard OECD algal test medium at pH 7.4. The particle size distributions and 204 concentration-response curves are presented in Figures 1 and 2 , respectively. While severe 205 aggregation in absence of NOM resulted in a in a mean particle size of 4500 nm, the NOM 206 concentration and the effect concentrations was found (Figure 1 panel B) . 212
NOM adsorption to CeO 2 NPs 213
The amount of NOM adsorbed to CeO 2 NPs varied between 0.006 and 0.062 mg C 214 in a 220 mg CeO 2 /L suspension, which corresponds to 0.0014 and 0.014 mg C/mg CeO 2 . 215 Table 2 shows the amount of NOM adsorbed as a function of pH and IS. One-way 216 in Figure 3 . The pH was found to be the dominant factor, as derived from the ratio of the 234 pH's sum of squares (SS) to the total SS. The ratio was 0.682 for linear and quadratic pH 235 effect, while it was only 0.091 and 0.070 for NOM concentration and IS, respectively. 236
The CCD analysis first revealed a significant linear and quadratic pH effect on the 237 growth rate of algae in the control. The p-values for these effects were 0.032, and 0.0036, 238 respectively. Table 1 contains all control growth rates. The control growth rate at pH 9 239 (experiment 17) was only 0.97/d. Furthermore, the validity conditions of this algae test 240
were not met. More specifically, the algal cell density in the control did not increase with a 241 factor of 16 within 48 h and the mean sectional CV was > 35 %, indicating the deviation 242 from exponential growth in the control replicates. Therefore, data point 17 in Table 1 was  243 deleted from subsequent non linear regression analysis. 244
The 48 h-E r C20 values and their 95 % confidence interval are given in Table 1 . A 245 factor of 84 separates the lowest E r C20 value of 4.7 from the highest of 395.8 mg CeO 2 /L. 246
Significant linear pH and NOM effects (p = 0.0041 and 0.017, respectively) were found in 247 the CCD analysis, while pH also showed a significant quadratic effect (p = 1.8x10 -4 ). 248
Furthermore, an interaction effect between pH and NOM was identified (p = 0.030). Except 249
for pH values of 8.4, increasing the NOM concentration lead to a decrease in toxicity, 250 which is in agreement with the first experiment. monotonous, giving rise to the large confidence interval of the measured 48 h-E r C20 value 269 (Table 1) . For all natural waters, the predicted E r C20 was lower than the experimentally 270 determined value and the difference between observed and predicted value differed with a 271 factor of 1.08 to 2.57. When considering the experimentally determined 95 % confidence 272 intervals, the model predicted effect concentration of 55.2 mg/L for Le Voyon and of 31.5 273 mg/L for Ourthe Orientale are both values not contained within the experimentally 274 determined 95 % confidence intervals (see Table 1 ). 275
DISCUSSION
276
Effect of NOM only 277
The preliminary experiment in NOM containing medium demonstrated the stabilizing 278 effect of NOM on CeO 2 NPs. Similarly, Keller et al. (2010) and Quik et al. (2010) 279 demonstrated the stabilization of small CeO 2 NP aggregates of a few hundred nm by NOM. 280
Also other types of NPs can be stabilized by NOM, e.g..carbon NPs (fullerene as well asaggregates which were already present in the stock suspensions in deionized water at pH 4 285 (Van Hoecke et al., 2009) . As a result, the NOM was able to prevent further aggregation in 286 the test medium but was unable to overcome the strong van der Waals forces holding small 287 NP aggregates together. A similar conclusion was drawn by Walker and Bob (2001) . E r C20s can be used to evaluate the reproducibility of the algal growth inhibition tests. With 303 a relative standard deviation of 13.6 % on data points 2, 6 and 11 the reproducibility was 304
good. 305
For all synthetic waters, effect concentrations for CeO 2 NPs were similar or higher 306 compared to previously reported low mg/L values obtained in standard algal tests (Vanconsidered a worst case scenario for the CeO 2 NPs. On the other hand, if toxicity is highly 309 overestimated for certain waters, this might lead to overly conservative environmental 310 quality standards. Using the developed model, the discrepancy between the toxicity in 311 standard test medium and in a more realistic test medium containing NOM can be 312 minimized up to a factor of 3.2, according to the ratio of observed towards predicted E r C20 313 values given in Table 1 . When no NOM was added, medium 13, a negative value was 314 predicted. Therefore, the model is of no use for media without NOM around pH 7-8. 315
When combining data on mean aggregate size and 48 h-E r C20, it became clear that 316 the more stable suspensions gave rise to the lowest observed toxicities (data points 4, 8 and 317
16 listed in Table 1 ). In Figure S5 in supporting information, the logarithms of 48 h-E r C20 318 of each medium are plotted against average aggregate sizes as determined by DLS and laser 319 diffraction. Interestingly, a negative linear relationship was established (p = 1.6x10 -10 ). 320 A clear relation between CeO 2 toxicity and aggregation behaviour and the affinity 321 towards NOM adsorption follows from Figures 3 and 4 and Table 2. For CeO 2 toxicity and 322 stability as well as its affinity towards NOM, the pH was the dominant factor. Adsorption 323 of NOM was favoured at low pH values (6, 6.6), which resulted in the lowest toxicity and 324 highest stability observed. On the other hand, NOM adsorption decreased as pH increased, 325 which adversely affected stability and toxicity. From these observations, it was clear that 326 adsorption of NOM to the CeO 2 NP surface prevented the particles form directly interacting 327 with each other and with algal cells. The decrease in toxicity therefore was due to a 328 reduction in bioavailability of the particles. A similar observation was made by Li et al. 329 (2010) , who reported a decrease in the toxicity of zerovalent iron NPs towards E. coli, 330 which the authors attributed to the loss of adhesion of NOM coated particles to the bacterial 331 cell wall. 332 with previous research on NOM adsorption to oxide surfaces by Au et al. (1999) . In this 334 study, a decrease in NOM adsorption density was observed with increasing pH. At high pH, 335 lateral repulsion of charged NOM fragments bound to the particle surface prevented 336 additional NOM molecules from adsorbing to the surface. On the other hand, the adsorbed 337 NOM layer protruded further from the NP surface into the solution at higher pH. At low 338 pH, the NOM bore less negative charges, which resulted in lower repulsion and hence 339 higher adsorption density. In our experiments, decreased NOM adsorption at pH 9 could 340 also be due to an increased concentration of CO 3 -2 , which could have competed with NOM 341 for adsorption to the CeO 2 surface. At lower pH values, the species H 2 CO 3 and HCO 3 -342 dominated. 343
The relation between NOM adsorption and pH might as well explain the observed 344 quadratic pH effect in the toxicity model. Since at intermediate pH values NOM adsorption 345 is lower compared to pH 6 and the NOM layer does not extend far into the solution, as 346 expected at the highest pH values, a maximum direct interaction between the CeO 2 NPs and 347 algal cells can be expected around pH 7.5, which would explain the maximum toxicity 348 observed at pH 7.5. According to Au et al. (1999) , increasing the IS enhanced NOM 349 adsorption, since NOM fragments were able to coil when its negative charges were partly 350 shielded by the positive counterions of the electrolyte, thereby reducing steric and 351 electrostatic repulsion. However, increasing the IS lead to a compression of the electrostatic 352 double layer, which adversely affected the stabilising potency of the NOM and thereby the 353 stability of the particle suspensions. A decrease in stabilising potency of the NOM at higher 354 IS was also observed in the present study, however, no enhancement of the NOM 355 adsorption was noted within the range of IS studied. Several studies with various NP types 356 reported similar behaviour as a function of pH and IS in presence of NOM. For example,and in general, the tendency towards aggregation increased under conditions that were 359 unfavorable for NOM adsorption. Furthermore, increased stability of Au NPs was observed 360 in presence of NOM by Diegoli et al. (2008) . Once again, high IS was capable of 361 eliminating the enhanced stability of NOM coated Au NPs. 362
CeO 2 NP toxicity and behaviour in natural waters 363
The observed E r C20 values in the four natural waters corresponded to the predicted 364 values within a factor of 2.57. In previous experiments with the 14 nm CeO 2 NPs the 365 individual 48 h-E r C20 measurements differed by a factor of 2.1. As a consequence, the 366 discrepancy between measured and model predicted 48 h-E r C20s cannot be explained by 367 experimental variability only. The composition of NOM is known to differ between natural 368 waters and could have influenced the adsorption affinity and stabilizing potency towards 369
NPs. Secondly, the higher concentration of divalent ions such as Ca 2+ and Mg 2+ in the 370 natural waters compared to the synthetic waters may help explain the observed discrepancy. 371
The test media used in the CCD analysis all have a hardness of 24 mg CaCO 3 /L. With 372 exception of Le Voyon natural water, the river waters all have a much higher hardness of 373 53-267 mg CaCO 3 /L. The divalent ions Ca 2+ and Mg 2+ are also more effective in 374 destabilising particle suspensions, which is known as the Schulze-Hardy rule. Furthermore, 375 Sander et al. (2004) reported the ability of Ca 2+ at a concentration of 10 mM to bridge 376 adsorbed NOM layers on several particles, thereby enhancing the aggregation process. 377 Therefore, the large mean aggregate sizes observed in natural waters (Table 1) Matrices. Environmental Science and Technology 44, 1962-1967. 456 457 Li, Z., Greden, K., Alvarez, P. J. J., Gregory, K. B., Lowry, G. V., 2010. Adsorbed Polymer 458 and NOM Limits Adhesion and Toxicity of Nano Scale Zerovalent Iron to E. coli. The label near each data point refers to the same number listed in Table 2 waters. The label near each data point refers to the same number listed in Table 2 . The grey 535 scale of the label refers to pH and label magnitude refers to IS. Error bars represent 95 % 536 confidence interval on 48h-E r C20 value.
